Because neurotropic viruses naturally traverse neural pathways, they are extremely valuable for elucidating neural circuits. Naturally occurring herpes and rabies viruses have been used for transneuronal circuit tracing for decades. Depending on the type of virus and strain, virus can travel preferentially in the anterograde or the retrograde direction. More recently, genetic modifications have allowed for many improvements. These include: reduced pathogenicity; addition of marker genes; control of synaptic spread; pseudotyping for infection of selected cells; addition of ancillary genetic elements for combining circuit tracing with manipulation of activity or functional assays. These modifications, along with the likelihood of future developments, suggest that neurotropic viruses will be increasingly important and effective tools for future studies of neural circuits. Introduction A major goal of systems neuroscience is to understand how neural circuits generate perception and behavior. To this end, considerable effort has been devoted to revealing brain circuits. Such studies are most useful when they also allow links to be made to function, either by correlating activity with circuitry or by manipulating circuit components and monitoring changes in function or behavior. Such efforts are difficult, however, owing to the extreme complexity of the brain. For example, conventional anterograde and retrograde neuronal tracers have allowed the collection of extensive information about connectivity between visual cortical areas in the macaque monkey [1] . These data reveal what areas are directly connected, the locations of the cells that provide the connections, and the laminar zones of termination of afferent axons. This information has been used to guide studies in which likely functional interactions between areas are inferred and tested with lesions or electrical stimulation [2] [3]. But conventional tracers do not have sufficient resolution to reveal connectivity or guide functional studies at finer levels of complexity. For example, they do not reveal whether axons that terminate in a particular location do, or do not, make synaptic contacts onto particular cell types or onto cells that in turn connect to other cells. Instead, methods are required that can reveal multisynaptic pathways and can also identify connections to and from particular cell types. Ideally, such methods can also be integrated with functional studies.
Introduction
A major goal of systems neuroscience is to understand how neural circuits generate perception and behavior. To this end, considerable effort has been devoted to revealing brain circuits. Such studies are most useful when they also allow links to be made to function, either by correlating activity with circuitry or by manipulating circuit components and monitoring changes in function or behavior. Such efforts are difficult, however, owing to the extreme complexity of the brain. For example, conventional anterograde and retrograde neuronal tracers have allowed the collection of extensive information about connectivity between visual cortical areas in the macaque monkey [1] . These data reveal what areas are directly connected, the locations of the cells that provide the connections, and the laminar zones of termination of afferent axons. This information has been used to guide studies in which likely functional interactions between areas are inferred and tested with lesions or electrical stimulation [2] [3] . But conventional tracers do not have sufficient resolution to reveal connectivity or guide functional studies at finer levels of complexity. For example, they do not reveal whether axons that terminate in a particular location do, or do not, make synaptic contacts onto particular cell types or onto cells that in turn connect to other cells. Instead, methods are required that can reveal multisynaptic pathways and can also identify connections to and from particular cell types. Ideally, such methods can also be integrated with functional studies.
There are many approaches that have been successfully exploited to reveal connectivity at high resolution [4] . Each of these has advantages and limitations. The purposes of this review are to highlight the advantages and limitations of neurotropic viruses; to provide sufficient basic information about the properties and behavior of neurotropic viruses to allow an understanding of the sources of these advantages and limitations; and to review recent progress in the exploitation of this understanding to allow the development of novel tracing systems that are based on neurotropic viruses. The advantages and limitations of other methods will not be directly addressed.
Neurotropic viruses have two main advantages that have been exploited in studies of neural circuits. These are the ability to traverse multisynaptic pathways and the ability of viral replication to amplify signals at each step in the process [5] [6] [7] . Furthermore, depending on the species and strain of the virus, viral spread can be highly specific to synaptically connected partners. Limitations also depend on the species and strain of virus and include a lack of synaptic specificity of spread, inability to target infection to particular cell types, dependence of the speed of spread on both strength and numbers of connections, and induction of cell death. More recently, the fact that viruses are genetic machines has been exploited to eliminate limitations of naturally occurring neurotropic viruses. Genetic modifications allow control over which cells are initially infected, control over the extent of viral spread, and control of the direction of spread. It is also possible to express useful genes directly from the viral genome.
Basic properties of neurotropic viruses
In order to understand the advantages and limitations of neurotropic viruses for tracing neural circuits, it is informative to first understand their basic properties and the similarities and differences between viral species and strains. Although there are numerous neurotropic viruses, only two major classes have typically been used to trace neural circuits experimentally, and these will be the focus of this review. These are herpes viruses and rabies virus. (It is important to note that one particular strain of herpes virus has been named pseudorabies virus [PRV] . This particular strain will be referred to as PRV throughout this review to distinguish it from other herpes viruses and to make clear that it is not a rabies virus; it is a herpes virus. 'Herpes' will be used to refer generically to all herpes viruses, including PRV.) The primary feature that makes both herpes and rabies viruses useful for tracing neural circuits is their natural ability to spread between neurons. Their natural life cycles begin with infection at the periphery and continue with spread to neurons and subsequent transneuronal spread within the nervous system. Experimentally, virus is often injected directly into the central nervous system, where it can directly infect neurons and then spread transneuronally.
Beyond their ability to infect neurons and spread in the nervous system, herpes and rabies are fundamentally different viruses. Herpes viruses belong to the family of double-stranded DNA viruses, while rabies belongs to the family of negative-sense, single-stranded RNA viruses [8] . From a practical standpoint, they also differ in other respects that will be discussed more fully below. These practical differences generally follow from the basic structural and genetic differences between viral species. It is therefore informative to begin with consideration of these differences.
Although rabies and herpes are fundamentally different, they do share one very important structural trait; they are both enveloped viruses [8] . This means that nascent viral particles consisting of proteins and genetic material (more later) bud out of host cells and are enveloped in host cell membrane. This host cell membrane is the viral envelope. Along with the host cell membrane, viral particles also take with them envelope proteins (also called glycoprotein) that are coded in the viral genome, produced by the host cell, and embedded in the enveloped membrane ( Figure 1 ).
Envelope proteins play a crucial role in mediating subsequent infection of additional neurons, as infection is mediated by an interaction between envelope proteins and cell surface receptors. Herpes and rabies differ from each other in the envelope proteins coded in their genome. Rabies has only a single gene coding for an envelope protein, called RG (rabies glycoprotein) [9] . Thus, rabies can only infect neurons via receptors for RG, which appear to be restricted to presynaptic nerve terminals [10] . This greatly limits the avenues by which rabies can infect neurons, probably contributing importantly to its apparent synaptic specificity (see further below). By contrast, herpes viruses have multiple genes coding for envelope proteins [11] .
The fundamental difference in the genetic makeup of herpes (dsDNA) and rabies (negative-sense ssRNA), has the practical implication that standard DNA manipulation techniques can be used to modify the herpes genome (e.g. [12] ), while more indirect methods are required to modify the rabies genome (e.g. [13, 14] ). Furthermore, the herpes genome can be manipulated so that it is subject to recombination with bacterial recombinases (e.g. crerecombinase) during infection of cells in the host animal [15 ] . This is not possible with rabies.
Herpes and rabies also differ markedly in the size of their genomes. Rabies has a genome of only about 12 kb that codes for only five genes [9] (Figure 1 ), while herpes viruses have genomes of about 150 kb that code for more than 70 genes [11] . The relative simplicity of rabies limits its repertoire both in nature and in the experimental setting but is advantageous to neuroscientists because it makes it more straightforward to understand and control how the virus works.
Because rabies is an RNA virus, it is able to complete its life cycle within the cytoplasm of the host cell [8] . The viral particle carries its own polymerase, which, following infection, is able to immediately begin transcription of mRNA from the viral genome. The host cell's machinery then translates this mRNA to allow further production of the proteins coded in the viral genome, including more polymerase. The practical result is fast and highly efficient amplification of the rabies genome, mRNAs, protein, and nascent viral particles that bud out of the host cell and spread to other neurons. It is reported that a single particle of the CVS strain of rabies virus injected into the brain is sufficient to spread and eventually kill an animal [16] . It would follow that the infection of a single neuron must be sufficient to allow spread to other neurons (see further below).
In contrast to rabies, herpes has a complex life cycle, with the function of many genes still not understood [17] . For example, some of the herpes genes code for transcription factors, which influence gene expression both from the viral genome and from the host cell's genome. Thus, the response to viral infection is not fixed and is dependent on the cell type and species infected. From a practical standpoint, it is also relevant that the herpes life cycle involves both retrograde transport of viral particles from the periphery and, following a latent phase, subsequent reactivation and anterograde transport of nascent viral particles back to the periphery [8] . The relatively convoluted processes controlling direction of spread are at least partly understood at the cellular and molecular level [7, [18] [19] [20] , providing the potential for selection or design of viruses in which this is controlled.
Selectivity and reliability of viral spread
One of the most important characteristics to consider for any transneuronal tracer, including neurotropic viruses, is whether spread is restricted to neurons that are connected by synaptic contacts. Because the transfer of information between neurons is primarily dependent on synapses (and gap junctions), the most relevant circuit diagram is based exclusively on connectivity, not proximity. This issue is not fully resolved but has been most carefully explored for the PRV Bartha strain of herpes virus ('PRV') and for rabies virus [6,7,21 ,22] .
Both PRV and rabies virus can be used to selectively label cells via transneuronal spread that is apparently restricted to cells that are synaptically connected [6,7,21 ,22] . These properties are likely to hold across rabies strains. However, herpes viruses used for circuit tracing are more diverse and might vary in the specificity of transneuronal spread. Furthermore, it is possible that selectivity may vary depending on the circuit studied or other unknown Pseudotyped rabies virus for tracing connections of targeted neurons. (a) Normal and modified rabies virions. The normal rabies virion (left) includes an RNA core within the viral envelope. The envelope is coated with the rabies glycoprotein (RG). It is possible to produce modified rabies virions in which the RG gene has been deleted from the genome and replaced with coding sequence for EGFP (middle). When these modified virions are grown in culture they can be coated with RG, conferring the normal infectious properties of rabies virus (right, top), or pseudotyped with an envelope protein from another virus (e.g. EnvA), conferring the infectious properties of that virus (right, bottom). Although these modified virions are capable of infecting cells and replicating to produce large quantities of EGFP, they are not able to spread out of those cells without the help of another DNA expression vector that provides RG. This is because RG is absolutely essential for viral spread. (b) Selective infection. EnvA Pseudotyped rabies virus can be used to selectively infect neurons that have been targeted for expression of the EnvA receptor, TVA. Because there are not endogenous receptors for EnvA in the mammalian brain, other cells are not infected. Because, the RG gene has been deleted from the rabies genome, complementation is required to allow spread of the virus from infected cells. This can be accomplished by targeted expression of RG in the same cells that express TVA. (c) Monosynaptically restricted spread. Following infection and RG complementation in the initially infected neurons, the rabies virus is able to spread retrogradely to directly presynaptic neurons. However, because these presynaptic neurons lack RG expression, the virus cannot spread beyond these cells. After Wickersham et al. [35 factors. One should therefore be cautious in the interpretation of any studies using these tools.
The factors that influence the mode of viral spread are not completely understood; however, one likely contributor is lysis of infected cells. Herpes viruses typically have a lytic phase in which nascent viral particles may be released from the host cell and can infect nearby cells. It is thought that preferential uptake of PRV Bartha by glia may protect neighboring neurons from non-specific spread [22] . The specificity of herpes spread may therefore differ depending on the relationships between neurons and glia in various circuits. The extent and timing of lysis also depends on the viral strain [22] . The improved utility of the Bartha strain of PRV is apparently owing largely to its slower spread and reduced cytopathic effects [7, 22] .
The available evidence suggests that the spread of rabies virus may be exclusively transsynaptic (restricted to synapses) [6, 21 ]. The mechanisms responsible for this restriction are not fully understood. One possible contributor is that receptors for the rabies glycoprotein may be restricted to presynaptic nerve terminals. Although various, more or less prevalent, presynaptic elements have been identified as rabies receptors, including the P75 neurotrophin receptor and NCAM, there may also be additional, as yet unidentified, receptors [10] . Additional factors may also contribute to synapse specificity. For example, ensheathment of nerve terminals by glia may limit infection by rabies particles that bud from extrasynaptic sites. Another formal possibility is that budding of viral particles from the host cell is limited to postsynaptic sites; however, the ability to produce rabies in cells that do not have synapses argues against this.
Direction of viral spread and other differences between viruses and strains
The virulence and direction of transneuronal spread of neurotropic viruses depend both on the type of virus and the strain. Rabies virus spreads exclusively in the retrograde direction, from postsynaptic to presynaptic cells, regardless of the strain [6, 23] . Different strains of rabies virus do differ, however, in their rate of spread and their safety when used in a laboratory setting. Because the rate of spread of rabies virus can vary dramatically depending not only on strain but also on passage history, it is important for any investigator to first directly test the virus in a well-established system to determine the rate of spread, before using it in the experimental system of interest. For example, when tracing circuitry in the primate motor system, the CVS strain of rabies spread across one synaptic step approximately every 24 h, while the N2C strain spread far more rapidly, across one synaptic step every 10-12 h [24, 25] . (It is important to note the rate of spread is also dependent on the strength of connections under study [21] .) Rabies strains also differ in their safety in a laboratory setting. Most strains of rabies, such as CVS, are derived initially from a small number of strains isolated from the wild and propagated in culture. The strains isolated from the wild are, in general, deadly to both humans and other animals. As a result, extreme caution is required for their use, and investigators working with them need to be vaccinated. Such strains are not, however, the only rabies viruses that are useful for circuit tracing. Notably, the SAD-B19 strain of rabies virus has been used extensively to vaccinate animals in the wild. Vaccinated animals develop an immune response to the virus before it can spread to the central nervous system; counterintuitively, this heightened immune response appears to result from more rapid replication of SAD-B19 than strains that cause disease and death [26] . More slowly replicating strains are apparently able to spread into the CNS before initiating an effective immune response. Furthermore, the SAD-B19 strain does not appear to spread from vaccinated animals to other animals in close proximity [27] . Nevertheless, when injected directly into the nervous system, SAD-B19 rabies spreads between neurons in a manner that is similar to other rabies viruses. This makes SAD-B19 rabies both effective for experimental investigation and relatively safe. Nevertheless, appropriate caution should still be exercised in the use of this virus [23] .
Herpes viruses are a large family of viruses [8] . The most commonly used of these for circuit tracing are strains of either Herpes Simplex Virus type 1 (HSV-1) that is endemic in humans, or PRV (pseudorabies virus), which does not infect humans or non-human primates. Most naturally occurring herpes viruses can spread both anterogradely and retrogradely. However, the McIntyre-B strain of HSV-1 spreads exclusively in the retrograde direction, while the H129 strain appears to spread preferentially in the anterograde direction [28] [29] [30] . There is evidence, however, that there might not be complete elimination of retrograde spread of the H129 strain [18, 29] .
Because PRV does not infect primates (including humans), it is much safer than other herpes viruses and often preferred for experimental studies [7, 22] . Although PRV is far less likely to cause problems for human health, it remains necessary to avoid exposure of healthy animals to infected animals, because PRV spreads rapidly between animals and is lethal in host species, including laboratory animals such as rats and mice. This difference obviously limits the utility of PRV to non-primate species.
The Bartha strain of PRV is an attenuated strain, which has proven to be particularly useful for circuit tracing [7, 22] . This increased utility results first from the restriction of transneuronal spread to the retrograde direction. As a result, experiments are more straightforward to interpret than they would be for a virus spreading bidirectionally. Another trait that appears to improve utility is a reduction in toxicity. Cells appear to remain healthy longer following infection, and animals survive longer. This allows tracing across a greater number of synaptic steps than if animals died more quickly and might also limit non-synaptic spread (see above).
Tracing connections between specific cell types and controlling the extent of spread
Owing to the complexity of the nervous system, it is extremely valuable to be able to trace connections to or from particular cell types. To some degree, neurotropic viruses make this possible simply by virtue of the fact that they can spread across multiple synaptic steps. For example, if a virus that spreads retrogradely is injected into area A, the initial infection will be restricted to cells in area A and to cell types in other areas, say area B, that project axons to area A. As the virus propagates, it might be possible to infer that subsequent spread within area B, or to areas that provide input to area B, results specifically from connections to the area B cell type that projects to area A. (See, for example [31, 32] .) Nevertheless, this situation is far from ideal and there are many caveats that require caution in making such interpretations. Most notable among these are that most brain areas are connected with multiple structures, making it increasingly difficult to determine the exact route of spread as virus traverses increasing numbers of synaptic steps [32] . And even when the number of synaptic steps is small, the rate of viral spread depends on the strength of connections [21 ] . As Ugolini notes [21 ] : ''The speed of transfer of rabies virus to these cell groups was strongly correlated with the strength of their input. . . with rabies, as with HSV-1 [33] . . .different groups of second-order neurons were labelled at different times. This generated an overlap . . . between the delayed labelling of the last groups of second-order neurons and the onset of labelling of higher order neurons. . .''.
The utility of neurotropic viruses could therefore be greatly improved by controlling what cell types are initially infected or are permissive for viral replication and by controlling the number of synaptic steps that are crossed. Effective genetic modifications for achieving these goals have been applied to both PRV Bartha and to the SAD-B19 strain of rabies virus (Figure 1 ).
To trace connections to specific cell types, DeFalco et al. [15 ] developed and used a modified form of PRV Bartha, called Ba2001, which is unable to replicate unless its genome is recombined by cre-recombinase. This strategy utilizes the fact that viral thymidine kinase (TK) is required for viral replication and also takes advantage of the fact that there are mouse lines that express cre-recombinase only in specific cell types. Combining these tools allows tracing of the inputs to cre-expressing cells. In particular, the thymidine kinase (TK) gene was deleted from the PRV genome and replaced with a 'floxed stop' sequence followed by coding sequences for both TK and green fluorescent protein (GFP). Thus, in Ba2001, crerecombinase will excise the floxed stop and allow TK plus GFP expression only in Cre-expressing cells. When Ba2001 is injected into a brain area, it infects all cell types. But only the cell types expressing cre recombine the viral genome, allowing the subsequent GFP expression to mark the recombined virus and TK expression to allow replication. Recombined viral particles can then spread transneuronally, and the infected neurons will also be marked by GFP and replicate recombined virus for further retrograde spread. The spread of the GFP-expressing virus can therefore be used to trace direct and indirect inputs to a specific cell type [15 ,34 ] .
To trace connections to specific cell types with rabies virus, it is not possible to use a strategy based on crerecombination. This is because the RNA genome of rabies cannot be recombined with cre and there is no DNA phase in the viral life cycle. Therefore, Wickersham et al.
[35 ] developed a strategy in which the initial viral infection is restricted to particular cells (Figure 1 ). This was done by deleting the RG gene from the SAD-B19 rabies genome, replacing it with GFP, and then producing viral particles with a different envelope protein in their envelope (pseudotyping). The RG-deleted virus was pseudotyped with an avian virus envelope protein, called EnvA; this new virus is called EnvA-SADdG-GFP. When this virus is injected into the brain of a normal animal, it does not infect any neurons because the mammalian brain has no receptors for EnvA. But by misexpressing the EnvA receptor, TVA, in particular cells, it was possible to selectively infect those cells (Figure 1 ).
Because RG is required for formation of new viral particles and transsynaptic spread [36, 37 ] , and SADdG-GFP has no coding sequence for RG, RG expression is also required to allow viral spread from the targeted neurons. When neurons expressed TVA and not RG, infection with EnvA-SADdG-GFP (and GFP expression from the rabies genome) was restricted to TVA cells and did not spread from those cells [35 ] . When neurons expressed both TVA and RG, the initial infection was restricted to TVA cells, and RG expression in those cells allowed transsynaptic spread and GFP labeling of additional neurons that were directly presynaptic to the TVA cells. Continued spread beyond the directly presynaptic neurons did not occur, because the presynaptic cells do not express RG and there is no RG coding sequence carried in the viral genome. Thus, this system has the additional advantage that rabies spread is monosynaptically restricted, eliminating any confound between strength of connections and numbers of synapses crossed; this eliminates any ambiguity about numbers of synaptic steps that have been crossed (Figure 1 ). This method can be used in combination with, for example, cre-expressing or Tta-expressing mouse lines to obtain cell type specific expression of TVA and RG (cf. [4] ). Subsequently, the targeted cell type can be specifically infected with EnvA-SADdG-GFP and direct inputs labeled by transsynaptic spread of the virus and GFP expression.
In view of the fact that neighboring neurons of the same type often connect with different presynaptic neurons (e.g. [38, 39] ), it is highly desirable to have methods that can identify the connections to single neurons. Experimental evidence indicates that this is feasible with the EnvA-SADdG-GFP rabies virus described above [35 ] . One needs to express TVA and RG in a single neuron and then infect that neuron selectively with EnvA-SADdG-GFP. Over the course of several days, the GFP expressing virus spreads to and labels neurons that are directly presynaptic to the single parent neuron. This method is now being combined with single cell electroporation [40] or other strategies for obtaining sparse cell infection, in order to trace connections to single neurons in vivo.
In contrast to EnvA-SADdG-GFP, the Ba2001 system does allow continued transneuronal spread across multiple synaptic steps [15 ,34 ] . Although this can be advantageous, it has the disadvantage of possible ambiguity in interpretation of results [21 ,33] (see above). An alternative that has been tested in the author's lab, but not published, is to use the PRV virus Ba2000, which was described and used as a control by DeFalco et al. [15 ] . Unlike Ba2001, Ba2000 has the TK gene deleted from its genome and cannot express TK under any circumstances. But Ba2000 does express GFP following cre-recombination, as do any viral progeny that are produced from the recombined genome. To use this virus for monosynaptically restricted spread from cre-expressing neurons, it is necessary to simply provide a means for TK to be expressed selectively in the cre-expressing neurons. Under these circumstances, GFP-expressing virus is replicated only in cre-expressing cells, and it can then spread retrogradely to neurons providing direct input to those cells. These directly presynaptic neurons can express GFP from the viral genome, thus marking them, but the virus cannot replicate and spread any further.
Expression of additional gene products
A final advantage of genetically modified herpes and rabies viruses is that essentially any gene of interest can be inserted into the genome, so that it is expressed in selected cells with known connectivity. The most straightforward gene products are those to mark cells, such as fluorescent proteins. Since these come in many colors [41] , it is possible to selectively mark various neuronal populations that have been labeled with different viruses. But these strategies can be extended to the full range of genetic tools that are available for monitoring or manipulating neurons [4] , leaving one apparently limited only by creativity and perseverance. For example, it should be possible to express light sensitive ion channels or genetic activity indicators in the cells that converge onto a single neuron, so that their activity can be manipulated or monitored optically.
